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Abstract
Here we propose ceria (CeO2) as a sensing layer material for CO2 LQ ORZSRZHUFRQVXPSWLRQZRUNIXQFWLRQǻĭUHDGRXWJDV
sensors at ambient temperature. The influence of precipitation agent and synthesis method on the sensing performance was tested 
with a Kelvin Probe setup. Microwave-assisted synthesis and ammonia as a precipitation agent yielded the most sensitive 
material. The influence of particle size and structure as obtained from SEM are discussed. First results indicate that only nano-
ceria shows a sensitive response towards CO2.
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1. Introduction
Fast and reliable detection of CO2 is of great importance in building management and environmental monitoring. 
In order to make available cost-effective sensors as well as portable devices a shift to CMOS compatible technology 
is highly desirable. Field-effect (FET) devices with ZRUNIXQFWLRQGLIIHUHQFH ǻĭ)-readout offer a very promising 
access towards low power gas sensors. An electrical potential arising due to gas adsorption at the sensitive material
RI D VXLWDEOH VHQVLQJ OD\HU LV FRQYHUWHG LQWR D ǻĭ-signal. Another advantage is the high versatility of possible 
sensing layers as they can be tailored according to the chemical nature of the target gas. CO2 can be detected by the 
surface reactions with semiconducting metal oxides (MOS) [1], however, due to its chemical inertness, it is still 
challenging to develop suitable sensing materials in terms of sensitivity and stability.
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Ceria (CeO2)-based materials have attracted considerable attention since at least 50 years due to the wide range of 
applications as a catalyst component. [2] For gas sensors applications ceria is most commonly used for the detection 
of CO and O2 by high operating temperatures. Here, we report the sensing capabilities of ceria for gas FET sensors 
under ambient conditions. To the best of our knowledge, ceria hasn’t been employed yet for CO2 detection at room 
temperature. Different synthesis routes for ceria were tested and their influence on sensitivity of the obtained 
materials towards CO2 were studied based on the following considerations.
It is known that morphology, grain size, structural and chemical features have great influence on selectivity and 
performance of a gas sensitive material applied in resistivity sensors. [3,4] On the other hand these parameters are 
determined by the synthesis conditions and are expected also to influence the response of capacitive-based MOS
sensors as the chemisorption processes should be the same under identical conditions. Accordingly, we are inte-
rested in studying the CO2 gas sensing performance of the same material, i.e. ceria, as a function of synthesis 
conditions, to be more precise of the influence of the nature of the precipitation agent and the effect of a microwave 
treatment. We focused on solution-based methods which can also favor the formation of thermodynamically less 
stable forms of metal oxides. [3] All synthesis methods presented here delivered nanocrystalline materials, however, 
with different morphologies. As already confirmed by preliminary experiments with commercially available 
microcrystalline ceria, nanocrystallinity seems to be crucial for a sufficient high sensor response.
2. Experimental
2.1. Chemicals
Cerium(III) nitrate hexahydrate (Ce(NO3)3Â6H20) and ammonium cerium(IV) nitrate ((NH4)2Ce(NO3)6), 
.99%, both from Sigma Aldrich, were used as precursors(WKDQROIURP0HUFN, 2-SURSDQRO.8%, 
from Sigma Aldrich and Millipore water were used as solvents. Sodium hydroxide and hexamethylenetetramine
(HMT), both 99% p.a., were purchased from Roth (Germany§DTXHRXVVROXWLRQRIDPPRQLDIURP)OXNDDQG
urea, 99.5%, from Grüssing (Germany).
2.2. Synthesis
If not mentioned otherwise, the synthesis methods applied here were adapted from Chen et al., namely precipi-
tation with aqueous solutions of HMT (HMT method), urea (urea method) and ammonia (NH4OH method) [5].
In the HMT method, equal volumes of 0.5 M HMT and 0.0375 M Ce(III) nitrate solution were mixed. The mixture 
was first aged at room temperature overnight, and then heated to 70°C for 1h to effect precipitation. The resulting 
dispersions were centrifuged and the product was washed three times alternatingly with 2-propanol and water, with 
a centrifugation after each washing step and then stored as a suspension in 1 ml of water.
In the NH4OH method, aqueous solution of ammonia was added directly to a 0.0375 M cerium(III) nitrate 
solution until the pH 10 was reached to effect precipitation at room temperature. The precipitates were washed and 
stored as described above. During the washing steps color changes still occured.
In the urea method, 0.5 M urea was dissolved in a 0.0375 M cerium(III) nitrate solution. The solution was then 
heated to 85°C for 1 h to effect precipitation. Using 0.008 M solution as described in [5] only caused a slight opacity 
of the solution without yielding a precipitate which would have been separable by centrifugation. In this case the 
product only could be collected because it got stuck on the walls of the centrifuge tubes (polypropylene) after a 
certain time. Instead of 2-propanol, acetone was used for washing. [5] An attempt was made to modify the urea 
method by using Ce(IV) nitrate instead of Ce(III) nitrate. Even after further heating no precipitate was observed and 
the solution stayed transparent.
In order to study the influence of a more homogeneous and higher energy input by microwave irradiation, some 
of the precipitates were treated in a CEM discover® focused microwave reactor using a cyclic heating protocol. 
Here, the precipitation with NaOH in alcoholic solution, similar as described by Glaspell et al., was used as an 
additional method. [6]
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2.3. Kelvin Probe measurements
7KHZRUNIXQFWLRQFKDQJHǻĭYVDYLEUDWLQJJROGUHIHUHQFHDVDPHDVXUe of sensitivity caused by the interaction 
between gas and sensing layer was monitored at varying CO2 concentrations and at a constant relative humidity 
(r.h.) of 30%. The measurements were realized using a lock-in Besocke Kelvin probe [7] together with an in-house 
developed gas mixing system and read-out device and software. [8] Samples were prepared using TiN sputter-coated 
Si wafer pieces which were drop-coated with a suspension of the different ceria suspensions. The measurements
were performed at a gas flow of 1000 ml/min. A concentration of 400 ppm as an atmosphere background was 
maintained throughout all measurements. The applied CO2 pulses were accordingly 900, 1600, 2600 and 3600 ppm.
3. Results and discussion
3.1. TEM measurements
The morphology of the different ceria samples was studied by TEM imaging. As can be seen from Fig. 1, all 
samples consist of porous agglomerates of nanoparticles. The only exception represents the sample from the urea 
precipitation which shows well defined crystals with lengths in the lower μm-range. 
Fig. 1. SEM images of ceria samples, synthesized by precipitation with: a) HMTA, b) NaOH (both microwave-assisted), c) NH4OH and d) urea.
The microwave-assisted method seems to lead to higher dispersion and less agglomeration, even though it will 
have to be proved for the NH4OH method in the future. The particles synthesized by, both, the classical (not shown) 
and the microwave-assisted HMT method, are quite uniform spheres with diameters in the range of 20 nm.
a b
c d
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3.2. Kelvin Probe measurements
As already stated above, preliminary experiments demonstrated that commercial, microcrystalline CeO2 shows 
no significant response towards CO2 (results not shown here). In contrast, all nanocrystalline CeO2 samples 
synthesized in this study exhibit very high responses. The measurements RI ǻĭ vs. time during four CO2
concentration pulses of different height (Fig. 2 a) reveal signals with values between 50 and 100 mV. 
Fig. 2. (a) Work function changes for different CO2 pulses and different synthesis methods for ceria. The measurements were performed at room 
temperature and r.h. of 30%. (b) Work function changes for the different CO2 pulses were plotted against CO2 concentration. 
Interestingly, the product of the urea precipitation method doesn’t show any signal at all towards CO2, which is 
consistent with the observation that in this case the crystal size is in the μm-range and with our previous observation 
that microscopic particles are less sensitive. On the other haQG0DWLMHYLüHWDO [9] reported that urea precipitation 
can yield the oxydicarbonate instead of the oxide, which might be inert towards CO2, which has yet to be confirmed 
by XRD. 
In order to compare the sensitivities of the investigated materials, Fig. 2 b shows a representation of the signal as 
a function of CO2 FRQFHQWUDWLRQ+HUH WKHVLJQDO LVH[SUHVVHGDV WKHGLIIHUHQFHEHWZHHQWKHǻĭYDOXHMXVWEHIRUH
applying the CO2 pulse and the value at the end of the pulse. In this way the drift between one pulse and another is 
considered and a relative measure for sensitivity is given by the slope of the connecting line. The best sensitivity 
exhibits nanocrystalline ceria synthesized by precipitation with NH4OH followed by the samples obtained by micro-
wave-assisted synthesis. The latter method seems to yield material with an improved baseline stability (Fig. 2 a).
The sample from the NH4OH method seems to consist of the densest agglomerates. Therefore, porosity cannot be 
the decisive factor and differences in chemical composition and structure are probably more important. It is not very 
likely that after the washing process free ammonia is present in the sample, even though it cannot be excluded that 
chemically bound amino groups have formed. Spectroscopic data will be needed to clarify this question. In this 
context it shoXOG EH FRQVLGHUHG WKDW IRU ǻĭ-readout based sensors the accessibility to adsorption sites, and thus 
porosity, is reflected in an increase of the signal/noise ratio rather than in an increase of the sensor signal. Neverthe-
less, high porosity is an important factor which can contribute to a lower detection limit and a shorter response time.
Especially the comparison of the two samples from HMTA precipitation provides striking evidence that micro-
wave-assisted synthesis leads to further improvement. The homogeneous heating in a short period of time probably 
leads to a more nanocrystalline product with a higher number of adsorption sites. To which extent a more metastable 
crystal type with higher reactivity towards CO2 might have formed will be subject of further studies.
It is remarkable that high responses towards CO2 can be already obtained at room temperature. We conclude that 
the underlying mechanism is an acid/base reaction, including the formation of carbonate species upon adsorption, 
a b
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rather than related to the transport of oxygen ions which would be expected only at higher temperatures. Therefore, 
temperature-dependent measurements will form part of further investigations. 
In summary, we could show that ceria is a promising candidate for sensing layers for ambient temperature 
measurements of CO2 in MOS sensors. Structure analysis has to be conducted in more detail. Further work will be 
focused on improvement of equilibration and response time. The results give support to the assumption that only 
nano-sized ceria can be used as a CO2 sensing layer, thus low sintering temperatures should be applied.
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